INTRODUCTION
comparison test, was performed to assess statistical differences in TcdA protein levels between 205 the rstA mutant and each rstA overexpression strain (GraphPad Prism v6.0). At least three 206 biological replicates were analyzed for each strain, and a representative Western blot image is 207 shown.
209
Quantitative reverse transcription PCR analysis (qRT-PCR). C. difficile was cultivated in TY 210 medium and harvested at T 3 (defined as three hours after the start of transition phase; OD 600 = 211 1.0). Aliquots of 3 ml culture were immediately mixed with 3 ml ice-cold ethanol:acetone (1:1) 212 and stored at -80C. RNA was purified and DNase-I treated (Ambion) as previously described 213 (37) (38) (39) , and cDNA was synthesized using random hexamers (39) . Quantitative reverse- 
224
RstA autoregulates its gene transcription via an inverted repeat overlapping the 225 promoter. Our previous work provided preliminary genetic evidence that the N-terminal putative 226 helix-turn-helix DNA-binding domain was necessary for regulation of toxin gene expression but 227 was dispensable for sporulation initiation (14) . However, further work with the recombinant His-228 tagged RstA proteins revealed that the constructs were expressed at low levels and were not 229 detectable by Western blot in C. difficile lysates (data not shown). We created a new series of 230 tagged proteins, possessing the 3XFLAG tag on the C-terminal end, and found that these were 231 stably expressed and easily detected in C. difficile rstA::erm lysates (Fig. S2A) . Corroborating 232 our previous data, expression of the wild-type RstA, the full-length FLAG-tagged RstA and the 233 truncated RstAHTH-FLAG-tagged allele complemented sporulation in the rstA mutant ( Fig.   234   S2B ). As previously observed, only full-length RstA restored toxin production to wild-type levels 235 in the rstA background ( Fig. S2C) , confirming that the helix-turn-helix motif within the DNA-236 binding domain is essential for RstA-dependent control of toxin production.
We hypothesized that RstA directly binds to DNA to control toxin gene expression and 238 transcription of additional target genes. This interaction is predicted to occur via the putative 239 DNA-binding domain, as observed for other . To test 240 this, we first defined the rstA promoter region and probed the DNA-binding capability of RstA 241 within the promoter. The transcriptional start of rstA was identified at -32 bp upstream from the 242 translational start using 5' RACE. Corresponding  A -10 and -35 consensus sequences were 243 detected immediately upstream of this transcriptional start site (Fig. 1A, B) . To verify the 244 mapped promoter and to determine if any additional promoters are present that drive rstA 245 transcription, a series of promoter fragments fused to the phoZ reporter gene was created, and 246 alkaline phosphatase (AP) activity was measured in the 630erm and rstA::erm mutant. As 247 previously observed, the full-length 489 bp rstA promoter fragment exhibited a 1.8-fold increase 248 in activity in the rstA mutant compared to the parent strain, indicating RstA-dependent 249 repression (Fig. 1C, (14) ). The truncated promoter fragments, PrstA 291 and PrstA 231 , produced a 250 similar fold change in activity in the rstA mutant and parent strain, as was observed for the full- that an additional promoter is not located within this region. Altogether, the data demonstrate 257 that the mapped  A -dependent promoter drives rstA expression and that RstA can repress 258 transcription from this promoter.
259
The results obtained from the promoter-reporter fusions suggested that RstA binding 260 was likely to occur within the 115 bp upstream of the translational start site. A 29 bp imperfect 261 inverted repeat was identified within the predicted PrstA -10 consensus sequence, suggesting a 262 possible regulatory binding site within this region ( Fig. 1B) . To determine whether this sequence 263 serves as an RstA recognition site, we created a series of single nucleotide substitutions within 264 the inverted repeat in the 489 bp PrstA reporter fusion, avoiding conserved residues required for 265 . Most of the single nucleotide substitutions did not 266 significantly alter reporter activity compared to the wild-type PrstA reporter ( Fig. 1D) . However, 267 three nucleotide substitutions in two positions, A-21 and T-19, abolished RstA repression in the 268 parent strain, increasing reporter activity to match that of the rstA::erm mutant. These data 269 suggest that the A-21 and T-19 nucleotides are important for RstA binding to the rstA promoter.
271
RstA inhibits toxin and motility gene transcription. Regulatory control of toxin gene 272 expression in C. difficile involves multiple sigma factors and transcriptional regulators, which 273 ensure toxin production occurs in the appropriate environmental conditions (13). Our previous 274 work (14) demonstrated that an rstA::erm mutant has increased transcription of the C. difficile 275 toxin genes, tcdA and tcdB, the toxin-specific sigma factor, tcdR, and the flagellar-specific sigma 276 factor, sigD, which is required for motility and directs tcdR transcription (11, 12) . To determine 277 whether RstA is involved directly in repressing transcription of these genes, we first constructed 278 phoZ reporter fusions with the promoter regions for each gene and examined RstA-dependent 279 transcriptional activity.
280
The tcdR promoter region contains four identified independent promoter elements: a  A -281 dependent promoter (-16 bp from the translational start), a  D -dependent promoter (-76 bp from 282 the translational start) and two putative  TcdR promoters farther upstream ( Fig. 2A ; (11, 12, 44-283 46) ). Expression of the tcdR gene is relatively low in C. difficile (11, 45, 47) , at least in part due 284 to repression by CodY and CcpA binding throughout the tcdR promoter region under nutrient-285 rich conditions (8, 9, 37, 46, 48) . We examined each of the promoter elements within PtcdR to 286 determine if RstA affects transcription from these promoters. A series of reporter fusions was 287 created for each of the promoter elements, which were examined in the rstA::erm mutant and 288 parent strain, respectively, and activity was measured after 24 h of growth in TY medium (Fig. 
289
2A). A full-length 517 bp PtcdR::phoZ reporter and the two  TcdR -dependent promoter fusions 290 exhibited similar low reporter activities in the parent and the rstA strains ( Fig. 2B) . But, 291 increased reporter activity was observed in the rstA mutant for the individual  A -dependent and 292  D -dependent promoter fusions. These results indicate that RstA impacts the function of these 293 promoter elements and contributes to repression of tcdR transcription.
294
We also examined RstA-dependent regulation of tcdA and tcdB transcription, both of 295 which are expressed solely from  TcdR -dependent promoters ( Fig. 2A ; (47, 49, 50) ). PtcdA 296 reporter activity was increased 3.6-fold and PtcdB activity was 2.1-fold greater in the rstA strain 297 compared to the parent (Fig. 2C, D) . Altogether, these data indicate that RstA represses toxin 298 gene transcription at the individual gene level and through repression of tcdR.
299
SigD, also known as FliA or  28 , is a sigma factor that coordinates flagellar gene 300 expression and directly activates tcdR gene expression (45). The sigD gene is located in a 301 large, early-stage flagellar operon, that is transcribed from a  A -dependent promoter located 302 496 bp upstream from the first gene of the operon, flgB (51). Interestingly, the flgB promoter 303 sequences from two different C. difficile strains, the historical epidemic strain, 630, and a current epidemic strain, R20291, are identical from the  A promoter sequence through the translational 305 start site, but diverge considerably upstream of this region (Fig. S3) . No additional promoter 306 elements were identified in the 630 or R20291 sequences upstream of the  A -dependent 307 promoter ( Fig. 3A) . To determine whether RstA influences sigD transcription through repression 308 of PflgB, promoter reporter fusions representing each strain were constructed. As anticipated, 309 activity of the 630erm and R20291 PflgB reporters were higher in the rstA mutant compared to 310 the parent strain (1.7-fold and 1.5-fold, respectively; Fig. 3B ), indicating that RstA represses 311 flgB, and consequently, sigD transcription.
313
RstA directly binds the rstA, tcdR, flgB, tcdA and tcdB promoters via the conserved 314 helix-turn-helix DNA-binding domain. To determine whether RstA directly binds target DNA, 315 a variety of in vitro electrophoretic gel shift assays were attempted, but no binding was observed 316 in any condition tested. We considered that the lack of RstA-DNA interaction by gel shift may 
323
We first tested the ability of RstA to directly interact with its own promoter. RstA-FLAG 324 protein was recovered using the wild-type rstA promoter region as bait, demonstrating specific 325 interaction of the RstA protein ( Fig. 4A) . However, the PrstA fragment did not capture 326 RstAHTH-FLAG protein, indicating that the conserved HTH domain of RstA is essential for 327 DNA binding. In addition to the wild-type rstA promoter, the PrstA T-19A and PrstA A-21C 328 variants that eliminated RstA-dependent regulation in vivo were used as bait ( Fig. 1D) . Both the
329
PrstA T-19A and PrstA A-21C variants captured less RstA-FLAG than the wild-type promoter, 330 suggesting that these nucleotides facilitate RstA interaction ( Fig. 4A) . Finally, the intergenic 331 region upstream of the rstA promoter ( Fig. 1A; IR) did not recover the full-length RstA-FLAG,
332
indicating that RstA recognizes a specific DNA sequence within the promoter region. Altogether, 333 these data demonstrate that RstA functions as a DNA-binding protein that directly and 334 specifically binds its own promoter to repress transcription.
335
To determine if RstA directly binds DNA to repress the transcription of genes encoding 336 toxin regulators, we examined RstA binding to the flgB and tcdR promoter regions. RstA-FLAG 337 protein bound specifically to the full-length tcdR promoter region, as well as the 630 and R20291 flgB promoters ( Fig. 4B) . Again, the HTH domain was required for these RstA-promoter 339 interactions. To identify which internal promoter elements directly interact with RstA, previously 340 characterized tcdR promoter fragments were used as bait ( Fig. 2B) , with the exception of a 341 longer  A -dependent promoter fragment (92 bp rather than 76 bp) to limit potential steric 342 hindrance of RstA binding due to the 5ʹ biotin label. This longer 92 bp PtcdR(A) fragment 343 exhibited the same RstA-dependent regulation in reporter assays as the 76 bp reporter ( Fig.   344   S4 ). RstA-FLAG bound to the  A -dependent and  D -dependent tcdR promoter fragments but 345 was not recovered from either of the  TcdR -dependent promoters ( Fig. 4C) , corroborating the the impact of each mutation on toxin production. To aid in construction of a rstA sigD double 360 mutant, we utilized the recently developed CRISPR-Cas9 system modified for use in C. difficile 361 to create an unmarked, non-polar deletion of rstA in the 630erm and sigD::erm backgrounds 362 ( Fig. S5) (31) . TcdA protein levels were ~3-fold higher in the rstA sigD double mutant compared 363 to the sigD mutant ( Fig. 5A) , indicating that RstA represses toxin production independently of 364 SigD. Overexpression of rstA in the rstA sigD mutant returned TcdA protein to the levels found 365 in the sigD mutant. Likewise, sigD overexpression in the rstA sigD mutant restored TcdA to wild-366 type levels, further supporting that SigD and RstA regulate toxin production independently ( Fig.   367 5A). In addition, transcript levels of tcdA, tcdB, and tcdR were increased in the rstA sigD mutant 368 compared to the sigD mutant ( Fig. 5B) , mirroring the TcdA protein results. Altogether, these 369 data provide further evidence that RstA is major regulator of toxin production that directly and 370 indirectly represses toxin gene expression independently of SigD.
372
RstA DNA-binding activity requires a species-specific predicted quorum-sensing domain.
373
The observation that RstA does not bind to target DNA in the tested in vitro conditions, but does 374 bind DNA in cell lysates, suggests that a co-factor is required for RstA DNA-binding activity. We 375 hypothesize that a small, quorum-sensing peptide serves as an activator for RstA DNA-binding,
376
as has been observed for other members of the RRNPP family (23) (24) (25) (52) (53) (54) . To test this, we 377 expressed RstA orthologs of other clostridial species (Fig. S6) , including Clostridium 378 acetobutylicum (C.a.), Clostridium perfringens (C.p.), and Clostridium (Paeniclostridium) sordellii 379 (C.s.) in the C. difficile rstA mutant background. Only the C.p. RstA was stably produced in C. 380 difficile (Fig. S7) . However, expression of the C. perfringens rstA ortholog failed to restore TcdA 381 protein to wild-type levels (Fig. 6A) . C.p. RstA may be unable to repress C. difficile toxin 382 production because the C.p. DNA-binding domain cannot recognize the C. difficile DNA target 383 sequences and/or because the DNA-binding activity of C.p. RstA is not functional in C. difficile.
384
To distinguish between these possibilities, we constructed a chimeric protein containing the C. 
392
Finally, we assessed the ability of a C. perfringens RstA to complement the low 393 sporulation frequency of the C. difficile rstA mutant. Overexpressing the full-length C.
394
perfringens RstA did not complement sporulation in the C. difficile rstA mutant ( Fig. 6B) .
395
Unexpectedly, a hypersporulation phenotype was observed when the CpHTH-CdC-396 terminalFLAG RstA chimera was expressed in the rstA mutant ( Fig. 6B) , indicating that the 397 chimeric C.p.-C.d. RstA promotes C. difficile sporulation to even higher levels than the native C. 
DISCUSSION
The production of exotoxins and the ability to form quiescent endospores are two 406 essential features of C. difficile pathogenesis. The regulatory links between toxin production and 407 spore formation are complex and poorly understood. Some conserved sporulation regulatory 408 factors, including Spo0A, CodY, and CcpA, strongly influence toxin production, yet some of 409 these regulatory effects appear to be strain-dependent or are indirect (8, 48, (55) (56) (57) . Further, 410 additional environmental conditions and metabolic signals, such as temperature and proline, 411 glycine and cysteine availability (5, 6, 10, 58), impact toxin production independently of these 412 regulators, revealing the possibility that additional unknown factors are directly involved in toxin 413 regulation (13). The recently discovered RRNPP regulator, RstA, represses toxin production 414 and promotes spore formation, potentially providing a direct and inverse link between C. difficile 415 spore formation and toxin biogenesis (14).
416
In this study, we show that RstA is a major, direct transcriptional regulator of C. difficile 417 toxin gene expression. RstA inhibits toxin production by directly binding to the tcdA and tcdB 418 promoters and repressing their transcription. RstA reinforces this repression by directly 419 downregulating gene expression of tcdR, which encodes the sole sigma factor that drives tcdA 420 and tcdB transcription. Finally, RstA directly represses the flgB promoter, inhibiting gene 421 expression of the flagellar-specific sigma factor, SigD. SigD activates motility gene transcription 422 but is also required for full expression of tcdR (11, 12) . RstA repression of each major 423 component in the toxin regulatory pathway creates a multi-tiered network in which RstA directly 424 and indirectly controls tcdA and tcdB gene expression ( Fig. 7) .
425
RstA is the third characterized transcriptional repressor that directly binds to promoter 426 regions for tcdR, tcdA, and tcdB. The two others, CodY and CcpA, exhibit ~10-fold higher 427 affinity in vitro for the tcdR promoter than for the tcdA and tcdB promoters (8, 9, 48 ), suggesting 428 that CodY and CcpA repress toxin gene expression primarily through repression of tcdR 429 transcription. Similarly, RstA appears to bind with greater affinity to the tcdR promoter than to 430 the tcdA and tcdB promoters, although we caution that biotin pulldown results are semi- (59). CodY was found to influence the population so that fewer cells produced toxin, but CcpA and RstA were not tested (59). We predict that both CcpA and RstA would bias 440 the population of cells to a toxin-OFF state. Altogether, the tight control of tcdR transcription, 441 reinforced by direct repression of tcdA and tcdB transcription by CcpA, CodY, and RstA, results 442 in the convergence of multiple regulatory pathways at the bistable tcdR promoter to coordinate 443 toxin production in response to nutritional and species-specific signals. This complex regulation 444 ensures that the energy-intensive process of toxin production is initiated only to benefit the 445 bacterium under the appropriate conditions. 453 not yet been explored.
454
Although we have identified several direct RstA targets, the sequence required to recruit 455 RstA to target promoters remains unclear. The rstA promoter contains a near-perfect inverted 456 repeat; however, this sequence is AT-rich, as is the case for many C. difficile promoters.
457
Imperfect inverted repeats were also found overlapping the -35 consensus sequences of the 458 tcdA, tcdB, flgB and  A -dependent tcdR promoters, and immediately upstream of the  D -459 dependent tcdR promoter ( Fig. S8 ), suggesting that RstA inhibits transcription at these 460 promoters by sterically obstructing RNA polymerase docking. No clear consensus sequence 461 defining an RstA-box is delineated from these sequences. Exhaustive attempts at ChIP-seq 462 analysis to identify the C. difficile RstA regulon proved unsuccessful; however, our data imply 463 that RstA is a transcriptional repressor that directly controls multiple C. difficile phenotypes, and 464 additional targets within in the C. difficile genome seem likely.
465
The inability to recapitulate RstA-DNA-binding with purified RstA in vitro together with 466 the functional analysis of C. difficile and C. perfringens full-length and chimeric proteins suggest 467 that i) RstA DNA-binding activity requires a cofactor and ii) this cofactor is species-specific. Most
468
RRNPP members are cotranscribed with their cognate quorum-sensing peptide precursor (19), 469 but there are notable exceptions, including those encoded by unlinked genes (52, 66) and 470 orphan receptors whose cognate ligands have not yet been discovered (67-69). Importantly, no 471 type of ligand other than small, quorum-sensing peptides has been identified for RRNPP 472 proteins. In addition to RstA, other quorum-sensing factors have been implicated in C. difficile toxin production. The incomplete Agr1 and conserved Agr2 quorum-sensing systems induce 474 toxin production through the production of a cyclic auto-inducer peptide (AIP) that is sensed 475 extracellularly (61, 70, 71); however, it is highly unlikely that the extracellular AIP molecule 476 directly interacts with the cytosolic RstA protein. In addition, the interspecies LuxS-derived 477 autoinducer-2 (AI-2) quorum-sensing molecule was found to increase C. difficile tcdA and tcdB 478 gene expression, but not tcdR (72), indicating that AI-2 does not signal through RstA either.
479
Although there are no open reading frames adjacent to RstA that encode an apparent quorum-480 sensing peptide precursor, taken altogether, it is reasonable to presume that an unidentified 481 quorum-sensing mechanism controls RstA-dependent regulation of C. difficile TcdA and TcdB 482 production.
483
Finally, as RstA is necessary for efficient C. difficile spore formation, the possibility 484 remains that species-specific signaling is required for RstA-dependent control of early 485 sporulation and that RstA coordinates C. difficile toxin production and spore formation in 486 response to the same signal(s). Elucidating the molecular mechanisms that govern RstA activity 487 will provide important insights into the regulatory control between sporulation and toxin 488 production, reveal host cues and conditions that lead to increased toxin production, and help 489 delineate the early sporulation events that control C. difficile Spo0A phosphorylation and Western blot analysis using FLAG M2 antibody to detect recombinant RstA-3XFLAG or RstAΔHTH-3XFLAG in cell lysates or following biotin-labeled DNA pull-down assays. As a control, cell lysate expressing the RstA-3XFLAG construct (MC1004) or the RstAΔHTH-3XFLAG construct (MC1028) is included in the first lane or two of each western blot shown. The biotin-labeled fragments used as bait are of (A) the 115 bp wild-type, T-19A or A-21C rstA promoters or of the 380 bp intergenic region upstream of the rstA promoter (IR; see Fig. 2 ); (B) the full-length tcdR (446 bp) or the 630Δerm or R20291 flgB (229 bp) promoters; (C) the full-length tcdR (446 bp), σ A -dependent (92 bp), σ Ddependent (116 bp), σ TcdRP2 -dependent (188 bp), or σ TcdRP1 -dependent (112 bp) promoters; or (D) the full-length tcdR (446 bp), tcdA (511 bp) or tcdB (501 bp) promoters. All promoter fragments were bound to streptavidin-coated magnetic beads and incubated with C. difficile cell lysates grown in TY medium to mid-log phase (OD 600 = 0.5), expressing either the RstA-3XFLAG construct (MC1004) or the RstAΔHTH-3XFLAG construct (MC1028). , rstA pMC211 (MC1224; vector control), sigD::erm pMC211 (MC506; vector control), rstA sigD::erm pMC211 (MC1281), rstA sigD::erm pPcprA-rstA (MC1282), rstA sigD::erm pPcprA-sigD (MC1283) and rstA pPcprA-rstA (MC1225) grown in TY medium supplemented with 2 µg/ml thiamphenicol and 1 µg/ml nisin, pH 7.4, at 24 h. (B) qRT-PCR analysis of tcdR, tcdA, and tcdB transcript levels in 630Δerm pMC211 (MC282; vector control), rstA pMC211 (MC1224; vector control), sigD::erm pMC211 (MC506; vector control), rstA sigD::erm pMC211 (MC1281), rstA sigD::erm pPcprA-rstA (MC1282) and rstA sigD::erm pPcprA-sigD (MC1283) grown in TY medium supplemented with 2 µg/ml thiamphenicol and 1 µg/ml nisin, pH 7.4, at T 3 (three hours after the entry into stationary phase). The means and standard error of the means of three biological replicates are shown. *, P < 0.05, Student's t-test between sigD::erm pMC211 and rstA sigD::erm pMC211. SigD, the flagellar-specific sigma factor, directly induces gene transcription of tcdR, the toxin-specific sigma factor. Toxin gene expression is then directed by TcdR. RstA inhibits production of TcdA and TcdB by directly binding to and repressing transcription of sigD, tcdR, tcdA and tcdB, creating a complex, multi-tiered regulatory network to ensure that the toxin gene expression is appropriately timed in response to the signal(s) that activate RstA.
